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Abstract 
Design Consistency analysis considers variations in speed on road alignments to make considerations about road safety. 
Safety Criteria  allow to express a judgment on road alignment homogeneity on the basis of the comparison between design 
speed SD and operating speed S85 along the alignments (operating speed is represented by the 85th-percentile speed of a sample 
of vehicles). In this paper a new predictive model, CCV, is proposed to determine the operating speed S85, also for the 
alignments whose characteristics of main geometric elements are not known. The application of CCV model on discretized 
data allows a fast recognition of operational speeds inconsistencies. 
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1. Introduction and literature review 
The theoretical trend of vehicular speed, along a road alignment, allows to evaluate the behaviour of an ideal 
road users and, in this way, to make considerations about road safety. In fact, many researchers indicated the 
study of the Road Design Consistency as a valid method to express a judgment on the road alignment 
homogeneity. Among the most important studies, in particular, [1] individuated some Safety Criteria based on 
the analysis of design speed SD and operating speed S85 along the alignment; the Criteria are the first attempt to 
obtain a quantitative estimation of Design Consistency, on the basis of the comparison of speed variations on 
subsequent horizontal elements, both for SD and S85. 
According to most important researches [2], in fact, the Operative Speed is recognized as the 85-th percentile 
of the speed adopted by users, and is related, through experimental models, to some significant characteristic of 
the corresponding road. A wide body of literature is devoted at identifying more accurate predictive models 
[3][4][5]. Other models for determining the operative speed of a given road where conceived to identify road 
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design inconsistencies [6][7]. All those models are mainly related to the horizontal element with greater curvature 
by means of parameters such CCR (Curvature Change Rate), R (Radius of Curvature) and DC (Degree of 
Curve). The above models, in order to be effective, are generally all conceived to be applied only within a given 
and specific range of the input parameters. Nevertheless, it would be useful to estimate operational speeds also 
for alignments whose characteristics of main geometric elements are not known, or when alignment is 
represented only by means of a series of points. 
2. CCV Predictive speed model 
To determine the operative speed, the authors propose a new ad hoc model. This new tool is still under 
development and its principal purposes are the use of a wider range of input variables as well as the opportunity 
to use it starting from discretized data. In this way the speed diagram can be plotted continuously along a route 
thanks to the continue domain of definition of input parameters, used for speed calculation. This model, named 
CCV (Continuous Speed Calculation), can be included in the more general field of predictive models; it is 
expressed by (1): 
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where y is an index that summarizes the influence of special road features (like dimension of road sections wide, 
distance of lateral obstacles, etc.) on users’ speed. In this first step of analysis y = 1; S is speed on tangent, settled 
by the analyst; Sm is speed on arc with minimum radius. 
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where ǻĳ is the value in degree of azimuthal variation and L is the length of road stretch involved in azimuthal 
variation. In Fig. 1, the proposed new model’s trend is compared to other literature models’ trends. 
  
Fig. 1. Features of CCV model. 
The expression (2) is applied to each stretch of road between two points of horizontal alignment that have zero 
value of curvature, tangent or inflection point. 
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where x is the x-th arc; y is the y-th spiral curves; Lt is the length of road stretch between two points that have 
zero value of curvature; Lax is the length of x-th arc; Ly length of y-th spiral curve; rx is the radius of x-th arc. 
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3. Kind of input data 
As introduced before, CCV model is particularly suitable to use an input constituted by discretized data, 
instead of horizontal elements. Therefore, each road layout which was analyzed in this paper is represented by a 
series of points belonging to horizontal alignment, so CCR and speed were calculated on these points. The 
preliminary tests on CCV model were realized using various series of points obtained from two data source: 
x experimental layout, specifically designed for these tests; 
x Navteq® Road Geographic Database. 
In the first case a new road alignment was designed using horizontal elements according to Italian Standard: 
tangents; arcs of circumference and clothoids. Four series of points were selected using various discretization 
step values: three series were obtained using constant step values (5m, 10m and 15m), while the forth series was 
obtained using a variable step value, related to the nature of horizontal elements (5m on clothoids, 10m on arcs 
and 15m on tangents). 
Using Navteq® Road Geographic Database, various itineraries were created using geo-referred points. The 
discretization step on each itinerary is variable and it is partially related to road horizontal curvature. In Fig. 2 an 
example of Navteq® Road itinerary is represented. CCV model was so applied to these introduced layouts in order 
to make a first assessment about safety and travel time prediction. 
 
     
Fig. 2. Itinerary on Navteq® Road Geographic Database. 
In the following paragraph the adjustments due to kind of data, applied on (1) and (2), are described. 
3.1. Definition of local CCR (CCRI) for discretized data 
The kind of input data allows a reduction of the road span extension in which CCR is calculated. Therefore, 
operative speed is determined knowing the local (not punctual) value of CCR, the CCRi: 
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where ǻĳi is the value in degree of local azimuthal variation in i-th point of discretization; Li is the length of i-th 
road stretch involved in azimuthal variation. With this assumption the expression (2) becomes (5).  
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where i is the i-th discretization point of n+2 total. The value of I varies from 0 to n+1;  j is the j-th segment of 
n+1 total that join the discretization points. The value of j varies from 1 to n+1 
 
Fig. 3. Definition of CCRi. 
By means of discretization processes applied to a horizontal layout, the alignment can be represented by a 
succession of points (vertices) and by a polyline of linear segments (edges) that join the vertices. For each i-th 
internal vertex (of n total) the local CCR is represented by (4) where: 
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subject to:  j=i  (7) 
where j,zį  is the Kronecker delta. It is equal to 1 if zj   and equal to 0 if zj z ; lj is the length of j-th road 
linear segment that links two consecutive points; Li is the length of i-th road stretch involved in azimuthal 
variation on which the CCRi value is calculated. It is the sum of two half-length of segments that connect internal 
nodes > @,ni 1 , while the length L1 and Ln (nodes 1 and n) include the entirely extension of the extremity 
segments l1 and ln+1. 
4. Corrections on solving method 
CCV model allows to use wide range of CCR value and a calibratable maximum speed value. These features 
are necessary to use the same model for each edge of road network (also with high curvature value) and for any 
class of road. Considering the kind of input data, a specific procedure for calculus was developed, with special 
regard to discretization criteria of road network data. 
The following two corrections allow to adapt CCV model to Navteq® data. The first one improves operating 
speed prediction on high curvature curve. The correction is necessary because, sometimes, the discretization step 
is uncorrelated to the value of radius and a reduction in step is not possible on high curvature curve. The second 
correction depends on tangents’ lengths and on high variable step dimension. In fact, for tangent elements the 
step is much bigger than for curves, so using the equation (4) to determine CCR, an inaccuracy in speed 
prediction can occur. The formalization of these corrections and the effects on speed prediction is discussed in 
following paragraphs. 
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4.1. High curvature layouts correction 
Generally, the discretization points used as input data belong to the horizontal road alignment. The segments 
which join these points, instead, generally do not belong entirely to alignment, both if points are on road axis or 
not. The use of linear segments to represent road alignment involves the underestimation of its total length and of 
operating speed for each segment. To remedy to this underestimation, the length Li was replaced by the sum of 
length of two arcs. The new length HCCiL  is defined in (8). 
 
Fig. 4. Procedure for high curvature arches. 
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subject to (7). More generally, considering (6) and points on the ends of points’ succession, the (8) becomes: 
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Using (9), expressions (1) and (4) become: 
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The use of Li’ in place of Li is required only for discretization points which are not aligned to contiguous ones; 
in other terms, use of (9), (10) and (11) instead of (6), (4) and (1) is necessary only if 0ziM' . This substitution 
can be applied also for tangents, but its contribute is significant only in presence of nonzero values of curvature. 
4.2. Tangents on discretization with variable step 
The large variability of discretization step value, used on circular curves and on tangents, requires some 
adaptations of solving method. In fact, the presence of segments much longer than adjacent ones can compromise 
the reliability of results. It is so necessary to individuate these long segments and apply on them the correct 
operative speed, calculated for tangent condition. 
This procedure can be better explained considering a stretch of road layout composed by three segments where 
the central edge is much longer than adjacent ones, as represented in Fig. 5 (a). 
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Fig. 5. (a) Long tangents between small radius curves. (b) Correction on tangents’ speed. 
Normally, the speed Si assigned to a generic node i is calculated by means of (1), (4) and (6). Instead, if  
lj+1 >> lj , lj+2, Si is calculated splitting the longer element in three parts with length of 2jl ,   221   jjj lll  and 
22jl  respectively, as represented in Fig 5 (b). In this way, on points i and i+1, the operative speed is determined 
by means of (12) and (13), while the operative speed assigned to longer element is S0, that is the operative speed 
related to tangent condition. 
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5. Applications
5.1. Calibration of CCV Model 
In the initial application of CCV model, the calibration parameters have been adapted to those of an existing 
literature model, referred to roads that have characteristics similar to those analyzed in this paper. The model 
becomes (14). In fact, the expression (1) with y=1 is adaptable to (14) varying S0, Sm and CCRm and optimizing 
with Ordinary Least Squares method. More reliable results will be reached when a calibration process of model 
will be performed on experimental data. 
SCCRS  5.085.93   (14) 
5.2. Safety Evaluation. 
The traditional approach of Design Consistency analyses road stretches between two points characterized by 
zero-value of curvature, and it calculates a constant value of operative speed on each of these stretches. Instead, 
using (1) and (4) or their modifications, it is possible to graph operative speed along the alignment using speed 
values calculated for each discretization point. Therefore, various calculus algorithms and procedural structures 
were realized by means of the programming language Visual Basic, in order to obtain automatically punctual 
operative speed estimation. From the analysis of the obtained operative speed diagram, it is possible to detect and 
locate two different kinds of risk factors: 
x road intrinsic inconsistencies, which are possible design lacks or faults and that cause excessive speed 
variations in small segments of the route; 
x real speed incongruities, when there are wide differences between the calculated operative speed and that one 
really actuated by users. 
The first inconsistency only depends on road characteristics and it can be identified a priori by the analyst, 
while the second one depends on real drivers’ behavior and it can be analyzed only in driving conditions, as 
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described below. The recognition of both the described situations allow to reduce the unexpected unsafe 
conditions along the route giving an important contribution to road safety improvement. 
5.2.1. Road Intrinsic Inconsistencies 
Operative speed variations that occur on limited portion of a route can be possible caused by road design 
inefficiencies. These inefficiencies can be recognized and localized on layout a priori by the modeler by means 
of operative speed profile: in fact they depend only on road characteristics. In Fig. 6 an inconsistency 
configuration is represented, together to the respective operative speed incongruence. 
 
  
Fig. 6. Road intrinsic inconsistencies. 
5.2.2. Real Speed Incongruities 
The monitoring of real speed adopted by drivers on a road allows to recognize its incongruity with the value 
determined in operative speed profile. These incongruities depend on driver behavior and thus can be analyzed 
only in driving conditions. If navigator devices were equipped with information concerning the presence of road 
design ineffectiveness, the information related to those differences would be available in real time during the 
driving and an alert could be showed to drivers. For example, by means of video or audio messages the user 
could be informed about the imminent and unexpected risk situations. 
 
  
Fig. 7. Real speed incongruity. 
6. ETT - Estimation of Travel Time Tt.
CCV model is a useful tool to estimate a more realistic travel time. Actually the Travel Time is calculated by 
navigator devices only considering length of itinerary and speed related to road category, without take into 
account the geometric characteristics of roads (or the delay due to singularities or to the presence of road 
intersections [10] [18] [19]). Computing CCR and applying CCV model, Travel Time can be determined with 
better reliability, especially for tortuous roads. The Estimated Travel Times, so determined, result more realistic 
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and really dependent on road geometric characteristics along the chosen route. The expressions (4) and (6) allow 
to assign local CCR to each i-th point independently from sequence order of analysis or direction of travel. 
Starting from CCRi values and by means of CCV model, an operating speed value is assigned to each internal 
point i. In this way the travel speed over each segment Li can be determined and the total Travel Time Tt will be 
obtained as the sum of every i-th travel times Ti, as showed in (15): 
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where is Ti is the Esteemed travel time on Li edges; Li is the length of i-th road stretch involved in azimuthal 
variation; Si is the operative speed assigned to Li. Using (1) and (6) the (15) becomes 
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subject to (7). 
The variation of travel time of a single edge related to its length is represented in Fig. 8. Each trend represent, 
for different fixed values of iǻM , the influence of variation of edge’s value on travel time calculated by means of 
(15). The increase of Li determines a reduction of CCRi and a consequent increase of Si value. Travel time Ti, 
instead, has an increase or a reduction in value in relation to Li length. In fact the Ti trend can be expressed by 
non-monotone function. 
 
Fig. 8. Travel time. 
6.1.1. Effect of high curvature layouts solution on ETT 
Using (10) and (11) on (15) the imprecision in calculation of Total Travel Time can be reduced thanks to (17) 
¦¦
  
  
n
i
HCC
i
HCC
i
n
i
HCC
i
HCC
t S
LTT
11
  (17) 
The use of expression (17) corrects operating speed on arcs with high curvature value, but the nature 
(reduction or increase) and intensity of this correction depend on predictive model. In fact, the increase of length 
value (from Li to Li’) occurs contemporaneously to reduction of CCR value (from CCRi to CCRiHCC) and the 
773 Giuseppe Cantisani and Michele Di Vito /  Procedia - Social and Behavioral Sciences  53 ( 2012 )  765 – 776 
consequent increase of operative speed (from Si to SiHCC). The expression (18) shows the comparison of travel 
time Ti with its corrected value Ti’. 
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The expression (18) is higher or lower than 1, depending on the dimensional relation between the variables. In 
fact, considering that the second term is always <1 and the first term is always >1, it is not possible to generally 
establish if Ti’ is higher or lower than Ti. 
6.1.2. Effect of variable step discretization and tangents on ETT 
The use of tangent correction, (12) and (13), generates an higher value of travel time because of the nature of 
CCV model. The Travel Time in this case can be calculated by means of the following expression: 
¸¸¹
·
¨¨©
§ 
 
0
21
2
22
S
lll
S
l
T jjjLTC
i
jLTC
i
  (19) 
The splitting of tangent edge determines the use of different values of CCR for each node that defines it. 
Therefore, travel time calculated with (19) considers two different values of operative speed and Ti changes of a 
quantity equal to (20). 
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The difference between TiLTC and Ti depends on iM' , on ratio between the lengths of edges lj and lj+1, and on 
operative speed model. A comparison of two travel time trends is represented in Fig. 9 varying the length of 
element lj+1, maintaining a constant value of iǻM  and with the assumption that lj+2=lj. 
 
Fig. 9. Comparison of Ti’’ and Ti value. 
Fig. 9 shows that the correction on travel time calculation is very important for short elements; in fact, the 
operative speeds assigned to them is improperly low considering their nature of tangent. 
Using CCV model a threshold for the ratio TiLTC/Ti has been defined to determine which expression, between 
(15) and (19), has to be used. If ratio TiLTC/Ti exceeds the threshold, the Travel Time has to be calculated by 
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means of (15), while (19) will be used in the other case. In Fig. 10(a) a threshold surface is represented, referred 
to following condition: 
%
T
TTE
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ml j 10   (22) 
in top region (upper semi-space) must be choose TiLTC, while in bottom region Ti. 
 
 
Fig. 10. (a) Threshold surface E=5%; (b) Ratio Ti/TiLTC. 
In Fig. 10(b) the trend surface of ratio LTCii TT  is represented, referred to the variation of 1jj LL  and iǻM . 
Cross-sections of this surface and vertical planes with fixed values of iǻM  are drawn in Fig. 11: each curve 
defines the variation of ratio LTCii TT  related changes of ratio 1jj LL . 
 
 
Fig. 11. Threshold sections 
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7. Final remarks - Evidence of Application Case 
Road safety on road layouts can be evaluated considering operative speed on road stretches with different 
value of curvature. The presented study proposes a new predictive model, useful to calculate the operative speed, 
starting from the road geometric characteristics. By means of ccv model, diagrams of speed associated to various 
alignments can be calculated and compared. The relative comparison allows to perform a better Road Design 
Policy, helping the practitioners to localize the stretches of infrastructures that require more attention.  
The first aspect that this study allows to point out concerns the dependence of predicted speed from 
discretization step values. When it is constant, the operative speed varies only in correspondence of the transition 
between elements with different nature, while over them the predicted speed is constant. Instead, if the step value 
is variable, differences are more widespread, but they still have low value. If the step value is independent of 
elements' nature speed, profile presents major differences and some corrective methods are necessary to attenuate 
effects of these changes. The variation on speed between two elements, that have different value of CCR, must be 
related also to acceleration/deceleration ratio, in fact, with the actual version of CCV model, variations in speed 
are only related to road geometry. For this reason, CCV model will be revised to improve its application on road 
with different characteristics. In particular, input parameters of the model will be related to roads’ cross-section, 
maximum speed and acceleration ratio; this last correlation will be included to consider a more reliable profile of 
operative speed and its correlation to drivers’ behavior and mechanical characteristics of vehicle. 
The procedure for calculus of ETT was used on three road layouts that have similar road class and cross-
section dimensions. The analyzed layouts were extracted by Navteq® Road Geographic Database: they are about 
10.0km long but they present important differences regarding the horizontal alignments. ETT was so determined 
and results are compared to a fix speed equal to 90km/h, with a corresponding travel time of 400s. This 
comparison was made to evaluate differences between proposed method and the ETT evaluation normally 
performed by navigator devices’ softwares, which considers a speed constant value on each road type. In Fig. 12 
the comparison of Travel Times, so calculated, is resumed. As expected, the use of TSCC, instead TT, is more 
significant for layouts which have higher curvature (layout B and C); while the consideration of TLTC, instead of 
TSCC, do not give significant differences, due to the little number of tangents in examined layouts. 
 
 
Estimated Travel Time [s] 
Road A Road B Road C 
E.T.T. ǻT E.T.T. ǻT E.T.T. ǻT 
T 400.0s - 400.0s - 400.0s - 
TT 445.1s 11.3% 556.3s 39.1% 581.5s 45.4% 
TSCC 445.6s 11.4% 558.6s 39.7% 584.0s 46.0% 
TLTC 446.2s 11.6% 566.9s 41.7% 600.3s 50.1% 
TFC 446.7s 11.7% 569.8s 42.4% 603.2s 50.8% 
CCV model parameter: S0=90.00km/h; y=1; CCRm=3800deg/km; Sm=10.0km/h 
 
Fig.12. EET: case of study. 
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Generally the use of operative speed give an high increase of ETT respect the calculation with a constant 
speed, as expected, in particular in TFC (Time with Full Corrected) calculation. This increase is about 40÷50% for 
layouts B and C, and about 10% for layout A. 
The proposed model has proven very versatile in its use with discrete data, but the aspects explained before 
emerge from its application on some simple cases of study; it will be important to explore these aspects, in order 
to improve the reliability of speed prediction, in future developments of the proposed CCV model. 
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